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Abstract

As the interest in solar energy applications for
residential space heating grows, it becomes impera-
tive to evaluate the economic performance of alter-
native designs. We concentrate here on only one
generic passive concept--the thermal storage wall.
For the thermal storage will we examine two types
of storage medium--masonry (Trombe) and water. In
addition we include a night insulation option in
the thermal storage wall concept, thus giving rise
to four alternative passive designs. The economic
performance of these alternative designs are
evaluated on a state-by-state basis, Discussion of
the methodology briefly reviews the architectural
design criteria, solar performance characteristics,
and the incremental solar cost of each solar design.
Also included is a discussion of conventional
energy costs, as well as the optimal sizing/feasi-
bi;ity criterion employed in the economic perfor-
mance analysis. Nationwide feasibility results
are reviewed for each alternative design. In
addition to contrasting the solar systems them-
selves, the etfects of two ir}centive proposals--
the National Energy Act (MEA) income tax credits
and low fnt~rest loans--upon each design qre
examined. Finally, major conclusions are summa-
rized for each design.

INTRODUCTION

[f passive solar energy is to be considered as
a viable and widely promising conservation optton
for new single family homes within the U.S., the
econcmic feasibility of this option must be demon-
strated. In addition, thz potential energy savings
from deployment of this option must be established
through analysis of optimal design criterion. In
this paper the emphasis is placed upon evaluating
the economic performance of only one generic
passive conceot--the thermal storage wall. For the
thermal storage wall two types of storage medium--
masonry (1’rGmbe) and water--are examined. An
analysts of night insulation for both storage
mediums is also included in the economic perfor-
mance waluation.

The economic performance of these fout basfc
desigrts (Trombe and waterfalls with the optton
of ni$ht fnsulatfon)is evaluated on a state-by-
state basis. The section on methodology briefly
revi?ws the architectural design crtteria, solar
performance characteristics, and the incremental
solar cost of each solar design. Also included in
this section is a discussion of conventional
energy costs, ts well as the optimal sizlng/feasl-
billty crlterton employed in the economic perfor-
mancc analysis, In the third section, nationwide
feasibility results are reviewed for each. destgn.
In addttfon to contrasting the solar designs them-
selves. the effects of two incentive proposals--
the National Energy Act (NEA) income tax credits
and low Interest loans--upon each design are
examined. The potenttal for energy conservation

is brfefly reviewed through
fractions and fuel savings.
in section four, with major
section five.

examination of solar
Results are surnrrarized

conclusions reviewed in

Methodology

There are essentially five basic steps employed
in our evaluation of the economic performance of
solar systems/designs. First, architectural design
parameters for a standard house and solar system
are established. Second, the physical performance
of that system in various locales is estimated

7,$ b;::d:y;; ;;%:
using a computer simulation c d
load ratio (SLR) correlation.
mance characteristics (glazing area and storage
volume) obtained from the simulation model are
used to develop costs of providing alternative
quantities of heat (solar fraction) for each
locale. Fourth, the costs of providing heat
through conventional meart~ (natural gas, heating
oil, and electricity--both resistance and heat
pumps) are projected for each locale in the analy-
sis. And finally, the potential for solar instal-
lations fs examined through our performance evalua-
tion. This evaluation includes analysis of possi-
ble energy savings through assessment of solar
f~actions and fuel displacements..

A standard home design2 (approximately 1500 ft2)
is being used throughout the analysis to allow
interreyional comparisons, Moreover, a ‘tract’
home concept and common building materials were
assumed. An overview of the thermal storage wall
(in this case masonry or Trombe) concept, along
with the ‘tract’ home floor plans, is presented in
Fig. 1. The water wall characteristics differ
slightly from these in Fig. 1, with plastic tubes
(12-inch in diameter) replacing the masonry stor-
age medium.

The modified so”}ar ratio (SLR) correlation pro-
cedures developed by Los Alamos Scientific Labora-
toryl,2 were utilized to estimate solar performance
given the Parameters cf tne above solar system de-
signs. This procedure is capable of treating
several design parameters as variables: i.e., nom-
inal building heat loads, glazing type, number of
glazings, glazing area, storage volume, and storage
type. Regional variability in weather patterns
are taken into account in the ptw’formante computa-
tions. The modified SLR performance correlations
are used to determine the glaz”lng area required to
achieve given solar fractions for the specific
solar desfgn under analysts. The ratio of glazing
area to storage volume was held constant for each
of the solar designs to ease the computational
burden and limit the almost infinite construction
des~gn possibilities.3

For the Trombe wall design and 18-inch thick
masonry storage wall with double glazing is used
in the solar performance analysls,fi Mean air
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temperature i> kept at 70°F, with a 5oF temceraturc
swing allowed --a:lxillary heat required when”thc
interior temperature drops beluw 650F, and excess
heat purged #hen the interior reaches 75~F. System
performance measured by the glazing area required
to provide a gtven solar fraction (ranging from 5
to 100 percent) was calculated for ? e Trombe wall
design, both with and without niqht irculation
(R-9). To calculate the performance of the watvr
wall, a 12-inch diameter tube with the same double
glazing and allowable temperature swing; i~ us(:d;
ag(~in, both with and without night insulation.

Identical building heat loads for each of these
designs were, assumed, with a standard 9 Btu/DD/Ft2
heat load factor ef;iploy~l in the SOI?U performance
estimates.5 Table 1 s:;,nm~izes gl~zing ared re-
quirements to achieve representative soldr frac-
tions (portion of conventional heat replaced by
solar) far all four system designs in six represen-
tative sites.

Every effort was rrade to con$truct rcali~tic
cost estimates for each solar design. In ail cases
we isolate the add-on solar compooent$ so that
they ~iiy be priced independent of traditional
home costs. The specific cost> used in our andly-
sis are displayed in Table 11. Sincp the costs
displdyed represent a national averagc,~ we suh-
sequertly adjust these materials and Idhor’costs
for eilch locale to account for regional
varia!>iliLyo7

Representative solar co<,t$, both the tot~l ($)
and dV(!rd9e8 ($/106 Btll h~at provided). for each
desiqrr are displayed for six r’epresent~tive sites
in T;ible 111, As evident, the total inst~lle(l
sola” costs for all four passive designs increase
at an increasing rate (all costs are v~riable).
Also noted is the inability fur several designs
to sujJply more than a given fractiort (,60) of
total annual heat 10dd requirements.

,\lthough many alternative energy futures are
being examined, the !IEA as modifies by the recent
rraturdl gas compromise in Congress is used to
corstruct projected fuel costs.g A 1977 state-by-
stdte energy dat~ base for natural gas ($/MCF),
he,lting oil (t/gal), and e’lec.triity (C/Kwh) prices
ha’, been constructed previously, $ Future energy
pr].jections arc developod: at the wellh~ad for
natural gas and oil; at the meter for electricity;
with a transportation, distribution, and marketing
cclst ad.iustment component (natural gas and heating
o’11 only) added to arrive at delivered or metered
cost. To construct equivalent delivered hedting
costs t~ic above fuel prices are transforfned into
a $/106 Btu measure for each year. These figures
are subsequently adjusted for furnace or hcdting
cquiprnent conversion efficiency.

Table IV displays the cost of delivered fuel for
six representative sites used in trie economic per-
formance analysis. Both current and annual izr!d
prices are contrasted for 1978 and 1990. Note that
nominal dollars are used. The computational pro-
cedures used in constructing both current and
annualized projections are qiven in footnotes to
the tiible.

Pn equivalent set ofcrttcria is emnloyed in the
economic analysis of all solar energy systems/de-
signs. Reduced to its simplest form, a series of
home heating systems that include a soi~r compo-

nent, providing anjwherp from zero to 11)0 percent
of the required heat, are evaluated to determine
the ecrmomicall~ optim~l mix of solar and conven-
tOflal back-up systc.ns.lo The net present value of
a Soldr addition in concert with che fuel cost from
a conventional furnace over the heating life is
maximized. This is exactly equivalent to minimizing
the cost of delivered heat to the home o~er a spec-
ified life time. The impact of irlcrmtives is easily
integrated into this life cycle costing framework,
thus al~owing consistent evaluation of the economic
performance of passive solar design; under vdrious
90Vernmf!ntal policies. Because the optimal sizing/
fea~ibility criteria has b~en reported previou$-
1y,6>7 further discussion is excluded from this
paper.

Resultc

In this section, only selected resul ts frcm the
economic perform~nce analysis are presl:nted.
Excluded for all fou, s~lar designs are comparisons
with heating oil and electric heat pumps. Further-
more, since (d) the Trombe wall desigl enjoys a
much wider consumer acceptance today, and (b) there
is not always a great deal of difference in the
p~ttern (number of states will vary however) of
results between a Trombe and wdter wdll de~ign, f.tis-
cussion will center on the Trombe wall design (with
and without the night insulation option) ‘with only
minir!al reference to the water wall design,

In addition to examining the individual economic
performance of each soldr design, the comparative
economic performance among systems is briefly re-
viewed, The potential for conservation is ev~luat-
ed through discussions on sol~r fractions--the frac-
tion of heat load formally supplied by the tradi-
tional fuels displaced by ths addition of one of
the four solar de~iyns. As ptrt of the an~lyses
the effr?cts of two altern~tive incentive options
are evaluated: the NEA income tax crf,dits,ll here
assumed applied to passive solirr illthe same manner
as proposed for active systems, and low interest
loans.12

If the Trombe wall without night insulation
design is contrasted with ncitural gas, only in two
states does it appear economic to install such a
design in a new home: Maine in 1978 and [daho in
1983. The water wall design without the night in-
sulation option performs no better agai~st natural
gas: only in Maine (1983) does it appear economic
to include a water wall in new home construction.
The solar fraction for both designs is rather low
in the two st:tes, 10 percent, Note there are no
incentives influded in the economic performance
evaluation of these twc designs yet.

By the addition of night insulation to the
storage wall concept, some additional states join
the feasibility set when natural gas {s the alter-
native fuel. This pattern is displayed in Map 1
for the Tro~tjc wall design, [xcept for North
Carolina, the additional states are located in New
Eugland. The sol~r fraction is 10 percent for all
states except Mdine (,30), For the water wall de-
sign, the adclition of night insulation is more
important. In adtiition to those states displayed
in Map 1, a number of states in the Nest (North and
South Ddkota, blontana, Hyominrj, OrPqon, California,
and New Nexico) along with the states of Nisconsin,
Virginia, and !!dryldnd join the feasible set. Solar
fractions dre either 10 or 1!;pcrccnt, except for
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~aine (.4CJ). here again, incentives are not yet
‘t of the economic performance analysis.

lclusicn of the proposed HEA intone tax
in the economic analysis gives rise to

~s{~rger number of states portraying economic
bility agdinst natur~l gas. As seen in Map 2

fL the Trombe wall design (with night insulation),
the general location of those states achieving
solar competitiveness is the Iiew England, Midwest,
Plains, and Western regions ot the U.S. A portion
of the southeast region is a~s.o incl~+ed in the
general pattern of feasibility. By contrasting
!,ldp 2 ,witfl !.lap 1, it can be seen that the year of
feasibility is roved forward for those states
appearing in both. Generally speaking the first
year of feasibility is 1978, except for those
st~tes in the Pldins and Southwest regions where
feasibility is delayed to the period between 1981
anti 19e4. Solar fractions have increased for the
mOSt part, with the range now between 10 and 25
oercer,t in all states except !!~ine (,40). ThJs,
inclusion of the proposed inccme tax credits
gre~tly enn~nces Eotential fuel savings from thr
Trcurbe wall with night insulation design due to
both incr,,~sed solar fractions and solar deploy-
frent In a gredtfjr nurlber of st~tes.

For the water wdll with nifjht insulation design
inclusion of the proposed IJEA income tdx Ct”Qd its
offers sufficient incentive within the econoni(
perfornar,ce analysis so as to make solar competi-
tive against the natural g~s alternative in mo~t
of the U.S. (Ylap 3). For the most part, those
Statr!s eycluded lie within or ne~r major ndtUrdl

gas supply regions and have relatively lPW heat
loads. Solar fractions are generally below 35
percent. again except for Maine (.55), but in many
instances arc 5 percentage points above the Trombe
wdll (masonry storage) design.

If low interest loins are substituted for the
!JEA tax credits, a larger number of states enter
the feasibility set against the natural gas alter-
native. Map 4 pnrtrdys these results for the
Trollbe wall desigu \,ith night insulation. In
addition, for a n[.’.t]rof states feasibility is
achieved at an carlitc d~te than when the tlEA tax
credit form of incentive was used in the economic
performance analysis, In general, solar fractions
are 5 percentage points or higher for the low
interest loan option.

For the water wall design with night insulation
similiar effects are noticej. Three states ex-
cluded from Map 3--Ohio, West Virgi~ia, and
Arkansas--now join the feasible set when the low

interest loan option is substituted for NEA income
tax credits. The yc~r of feasibility is moved
forward in a number of ttates, and the solar frac-
tfon is increased in over two-thirds of the states.
Although not reported here, the same type of im-
pacts occur for the Trombe and water wall deslgl:”,
withwt inclusion of the night insulation option.

When both incentive options are combined, as
has been indicated in recent Con3ression.1 debate,
only in Florlda and Louisiana i: the Trombe wall
with night insulationdesiqn not economically
competitiveagainst natural gas. Only in Florida
is thewaterwa?l with night insulationdesign
shorn not to bc competitive. Moreover, the year
of feasibllit;jis 1978 for all states except
Florlda and l,oulsiana(Florfdaonly in the water

wall design comparison). Solar fractions are always
higher than with either incentive option individu-
ally, w!th larger differences generally Occuring in
the South and West.

A somewhat different picture (frlm. that dis-
cussed abo’~e for natural gas) emerges wh(n electric
resist~nce is used a!, the altel’n~t<!ie fuel against
which the passive solar designs must compete.
Soldr is measurably enhenced in its competitive
position dlle to the higher costs (s/106 Btu) of
electricity across the U.S. Thus, a larger nu[nber
of states enter the feasible Sf?t, larger sC)ldr
fractions are evident, and the act~al year of
feasibility is almost always 1978.

The Trombe wall without nig!lt i ulation design
is able to compete againtt the electric resistance
alternative in all states except Washington without
the inclusinn of incentives. As portrayed in Map 5,
the solar fractions range from 15 to 40 percent in
all states except Arizona, California, and South
Cdrol ina-- !hc solar fraction in these states being
5 to 10 pet-centage points higher. States in the
Midwest dnd Plains regions generally have lower
solar frdctions than the remainder of the country.
In all states, excepting Washington, the year of
demonstrated solar competitiveness is 1978.

When the wdter wall without night insulation
design is coinpdred against the electric resistance
alter~ldtive, a very similar pattern emerqes (flap6).
However, there dre severdl differences. In a
number of st~tes the solar fraction is less than
for the Trombe wall. Louisiana, Kentuck~, and
West Virginia ,join the state of Washington in
being excluded fro+n demonstrated feasibility. And
the year of feasibility is delayed beyond 1978 for
Illinois, Michigan, Ohio, Oregon, Penn;ylvanid, and
Tennessee. Thus, the Trombe wall design displays
better economic performance than the water wall
design (both without inclusion of the night insula-
tion option). But more important for both desiqns
is that the results reported here do show that it
is cost effective now to employ passive solar in
new home construction throughout the country. rhe
potenti?l fue’1 savings makes the deployment of
passive <c?or energy a very promising conservation
option for the future.

When night insui.tion is added to either stor-
age wall design, therz,is an incremental increase
in optimal solar fracilon, For the Trombe wall
design in only two states, Louisiana and Cregon
(~ith Washington still exclu.!edfrom ecv+omic
feasibility),is the incrementalincreaf,enot.seen,
whilp in the water wa!l design the increase occurs
in all states (excepting Wastiin$:on agdin). Map 7
contains a sunvnary of the ~rwntal change in all
states for the Trombe WJ1l cieslg~s can be see ,,
in the majortty of st~tes the incremental change IS
15 percentagepoints nr greater. It is p(imarily
in the Ohio River valley states (plus Arizona and
California)where the incrementalchange is smaller
(on the order of 5 to 10 percentage points). The
highest,change occtirsin the Rocky Mountain, ,North-
ern Great Plains. and New England are~s. inu!, as
expected, the more severe the climate, the more
importtintbecc ~s the use of night insul~tlonfor
the maxtmizatio)lof economic performance.

For the w.~terw~ll design, fnclusio~~ of night
insulation in the econotilicperformance ar,~lysis
gives rise tn simlliar improvenlents in soldr frac-
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tions. These results are portrayed in Map 8. By
comparing Map E!with Map 6, it can be seen that
many states make a two step jump; that is the
states as portrayed in Map 8 are in the solar frac-
tion range two levels above the value portrayed in
~p 6. Although not readily apparent frmn the mop
portrayal, the percentage point Increase is gener-
ally larger than was the case for the Trombe wall
design. In addition to supporting the logical no-
tion that night insulation is especially important
in severe winter climates, the results aiso indi-
cate that night Insulationis more critical in the
water wall design (as evidenced by higher solar
fraction Increments). For both designs the results
essentially indicate that for a similiar dollar
outlay, the consumer can purchase a more efficient
solar system by adding night insulation to a stor-
age wall concept.

[Because the maximum allowable glazirtg area has
been constrained to account for permissible tract
hwne characteristics(8’ x 56’ south-facingWJ1l)O
the inclusionof incentives in the economic perfor-
mance analysls will not increaseoptimal solar
fraction in those states where the constraint is
binding. Therefore, in the remaining brief dis-
cussion of results it will be seen that no visible
change occurs in some northern states. However, in
all cases the dollar cost laid by consumers in
reaching this m~ximum solar fraction will be
appreciably lowered.]

With the inclusionof IIEAincc+netax credits in
the economic performancednalysis (electricresis-
tance alternative),further additions arc made to
the optimal solar frdction in a number of states.
The incrementalincreasesare portrayed inlfap 9
for the rrombewall, and Hap 10 for thewatcr wall.
As evident, t,lxincentivesare importar: for they
increase substantiallythe potential energy savings
in new home construction(higher solar fractions)
and lower the total system costs paid by the con-
sumer. Although the pattern of results for the two
passive solar designs are very similiar, it is
generally true that for many states the incremental
increase is greater for the water wall design. As
shown in both maps, improvementsto the conserva-
tiOII potential (fuel savings frcm higher solar
fractions) from lowered solar costs is beginning to
lessen due to physicdl constructionconstraints in
some states.

[f low interest loans arc substituted for the
NEA income tax credits, more :tates would displdy
larger incrementalchanges (ag~in against the
electric resistancealternative)than those por-
trayed inl~aps 9 and 10. In addition to a larger
number of states with the now higher fractions,it
is also true that more of them hcve hit their
physical construction limits; that Is additional
glazing area, although economicallywarranted, Is
inlposslblebecause of the ‘tract’ home design
limitations. As was pointed out #hen natural gas
was the alternative fuel, the specific low Interest
loan incentiveemployed in the economic performance
analysis (3 percentage points less than the mort-
gage rate) has greater impact on the results than
the NEA income tax credits.

As expected, a combination of both incentives
performs better than either individuallywhen com-
,*aredto the electric resistance alternative. The
rmblnation of incentives increasesthe solar
fraction in all stdtf.s,excepting those already

4

limited by construction pOz:ibility--fJldzl~gared
at the ‘tr.dct’home physicdlmaxiIm.Im.This higher
solar fraction leads to even greater energy savings
potential fornuch of the U.S.

Y!!!!kW

The following points ser~e to summarize the
basic findings from the preceding analysis, As
cautioned in previous work,6\7,8 economic feasi-
bility is a necessary, but not sufficient condi”.ion
for large-scalemarket penetrationor consumer
adoption. However, the solar fractions included
in the economic feasibility results do give some
indicationof the potential level of fuel savings
given deployment of passive soldr energy in n-
home construction.

.

.

.

.

.

Thedddition of night insulationto thermal
mass stor~ge walls makes a significantdif-
ference, not only in the solar performance,
but more importantly in the economic perfor-
mance of this generic passive concept. In
addition, the effectivenessof night insula-
tion becomes greater as the severity of the
climate inc.”eases.

The potential use of passive solar designs
in residential space heating applications is
measurably enhanced by incentivesagainst all
fuel types. This enhancement is especially
evident in the natural gas and heating oil
comparisons.

The passive designs evaluated in this paper
arc economically competitiveagainst the
eleciric resistance alternative i~ all but
a few states. Moreover, on a life cycle
cost basis these designs are feasible today.

Employment of the low interest loan incentive
option gives rise to higher solar fractions
than under the MEA income tax credit option.
The particular low interest loan incentive
evaluated here reduces solar costs for the
homeowner more than the tax credit does.

Although the optimal solar fractions reported
here for the four passive designs are gener-
ally low, the thermal mdss storage wall
offers one the opportunity to incorporate
solar into a new home at costs much less than
their active counterparts. Further, passive
design offers consamers a relatively inex-
pensive solar option to add to his conserva-
tion alternatives.

Conclusions-

Although this paper indicates the relative eco-
nomic competitivenessof passive solar thermal
storage walls against conventional fuel alterna-
tives (even without federal incentivesagainst
electric resistance), the results stem from a
particular set of assumptionsconcerning fuel
escalation rates, discount rates, systm life, fuel
conversion efficiencies,and so forth. Addition-
ally the designs analyzed are constrained in terms
of storage to qlazing area rntics’,number of glaz-
ings, temperatureswings (nighttimetemperature
set-back options were not considered), and insula-
ticm R factors. Optimal conservation strategies
must consider dn entire array of optfons, whereas
this study has only considered tie use of winter



heat gain characteristics integrally designed into
the building envelope. Additional elerrents Jf
practical energy conservation include, for example,
building shell heat 10ss prevention, better use of
themmstdtic end heat distribution control, proper
utilization of natural lighting dnd ventilation

potent ials, and earth Jerming.

The above caveats are not reant to diminish the

results reported here; rather, they point to the

fact that passive solar architecture should be con-
sidered as a key element in energy conservation de-
sign. Sensitivity analyses will of course ‘how
that life cycle cost competitiveness varies signi-
ficantly itit,h respect to the underlying assump-

tions; however, if feasibility is demonstrated

using a fairly conservative set of assumptions as
we have aonc here, one can more reddily accept the
potential for passive solar design as an energy
conservation technology.
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This work has been sunported by the u.S.
Department of Energy, Assistant Secretary for
Conservation and Solar Applications.

The Solar home design was developed by Burns
and Peters, an architectural firm located in
Albuquerque, New Mexico. -

In anot!ler study as reported by Scott t{oll,
the constraint (a constant thermal storage to
glazing area ratio) is relaxed so that the
impacts of thickness variations in a Trombe
wall design can be examined. For all solar
designs evaluated in this paper, a ratio was
selected that appears to offer a high degree
of comfort.

For a more comprehensive examination of these
design cri eria, see Balcomb, Headstrom, and
McFarland, i

This replc~ents a nominal load which accounts
for heat loss through all surfaces except the
south wall.

Costs were developed for a given locale thun
adjusted to reflect national dollar averagl!s.

Mean’s Buildinq Construction Cost Data 19785
was used as the principal so~adJu=~n9
the national dollar costs to specific sites.

Average costs are stated in annualized terms.
The computational formula is given as a
footnote to Table 111. A more complete
explanation can be found in Ben-David, et a13,
and Roach, et al.6

For a more complete explanation OF ill?‘
jection procedures, see Roach, c’. -’

10.

11.

12.
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A more detai”ied and formal description of the
opt<mal sizing/feasibility methodology can be
found in Roach, et 31.6

A House-Senate Compromise version of.the solar
income tax credits is the specific form under
review here: 30 percent of the first $1500,
20 percent on the next S8500, with a maximum
of $2150 for systems $10,000 and over. The
tax credits are assumed to begin in 1978 and
continue at ttie sdme levels through 1984, at
which point they are terminated for 1985 and
following years. This particular compromise
may not represent the final legislative form.

The specific value employed in the low interest
loan incentive iS 3 percent: that is the
government would subsidize the difference
between the going mortgage rate and the rate
paid by consumers under this program at a rate
3 percentage points below the mortgage rate.
In t’,e specific analysis reported here, a
mortgage rate of 9.5 percent is employed with
consumer loans available for the solar compo-
nents at 6.5 percent.

It is assumed here that the add-on solar costs
associated with passive desi~a~e treated in
the same manner as those proposed for active
systems. That is, full credit is given in our
computations for the additional cost incurred
for the passive designs. An alternative is to
allow only a partial credit in the sense that
not all che add-on cost can be used in tax
credit computations. The impact of such a
tax credit system has been evaluated, but the
results are not included as part of this paper.
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